Retina ganglion cell (RGC) axons grow along a stereotyped pathway undergoing coordinated rounds of fasciculation and defasciculation, which are critical to establishing proper eye-brain connections. How this coordination is achieved is poorly understood, but shedding of guidance cues by metalloproteinases is emerging as a relevant mechanism. Secreted Frizzled Related Proteins (Sfrps) are multifunctional proteins, which, among others, reorient RGC growth cones by regulating intracellular second messengers, and interact with Tolloid and ADAM metalloproteinases, thereby repressing their activity. Here, we show that the combination of these two functions well explain the axon guidance phenotype observed in Sfrp1 and Sfrp2 single and compound mouse mutant embryos, in which RGC axons make subtle but significant mistakes during their intraretinal growth and inappropriately defasciculate along their pathway. The distribution of Sfrp1 and Sfrp2 in the eye is consistent with the idea that Sfrp1/2 normally constrain axon growth into the fiber layer and the optic disc. Disheveled axon growth instead seems linked to Sfrp-mediated modulation of metalloproteinase activity. Indeed, retinal explants from embryos with different Sfrp-null alleles or explants overexpressing ADAM10 extend axons with a disheveled appearance, which is reverted by the addition of Sfrp1 or an ADAM10-specific inhibitor. This mode of growth is associated with an abnormal proteolytic processing of L1 and N-cadherin, two ADAM10 substrates previously implicated in axon guidance. We thus propose that Sfrps contribute to coordinate visual axon growth with a dual mechanism: by directly signaling at the growth cone and by regulating the processing of other relevant cues.
Introduction
In vertebrates, retina ganglion cell (RGC) axons convey visual information from the eye to the brain through a long pathway that is stereotypically composed of different segments. The fiber layer and the optic nerve and tract are segments in which axons grow tightly fasciculated to their neighbors. Axon initiation, navigation through the optic disc (OD) and chiasm, or the selection of the target neuron within the lateral geniculate nucleus or superior colliculus represent instead "decision" steps in which axons can take different routes, diverging if necessary from the behavior of their neighbors. Linear segments and choice points alternate along the pathway (Bovolenta and Mason, 1987) . Therefore, coordination among extrinsic cues that mediates selective axon fasciculation/defasciculation and those that provide steering information to growth cones is critical for proper development of the visual system.
Functional studies in vertebrates have shown that members of evolutionary conserved families of attractive and repulsive guidance cues, such as Slits, Semaphorins, or Ephrins, and morphogenetic signaling pathways activated by Shh or Wnts are among the extrinsic cues that direct RGC growth cones navigation at choice points (Bao, 2008; Petros et al., 2008; Sánchez-Camacho and Bovolenta, 2009; Erskine and Herrera, 2014) . Cell adhesion molecules, integrins, or cadherins instead mostly mediate RGC axon fasciculation (Bao, 2008) .
What coordinates the activity of these extrinsic cues is still poorly understood, although members of the matrix metalloproteinase and A Disintegrin And Metalloproteinase (ADAM) families are emerging as attractive candidates (McFarlane, 2003; Bai and Pfaff, 2011) . Indeed, ADAM10 or its Drosophila homolog kuzbanian terminates high-affinity interaction between Ephrins and their Eph receptors (Hattori et al., 2000) and cleaves the extracellular domain of Robo (Coleman et al., 2010) and Neuro-pilin1 receptors (Romi et al., 2014) , thereby changing the sensitivity of growth cones to Slit and Sema3A ligands, respectively. Furthermore, ADAM10 sheds the extracellular domain of N-cadherin and L1 (Reiss et al., 2005; Riedle et al., 2009; Malinverno et al., 2010) , which both participate in selective fasciculation of visual axons (Riehl et al., 1996; Mi et al., 1998; Lyckman et al., 2000; Masai et al., 2003) . Therefore, spatiotemporally regulated ADAM activities might plausibly coordinate visual projection development, as also supported by metalloproteinase inhibitory studies in Xenopus (Webber et al., 2002) .
Sfrps are bimodular, highly diffusible factors, which, in addition to acting as negative and positive modulators of Wnt signaling Mii and Taira, 2009; Esteve et al., 2011a) , interact with metalloproteinase of the Tolloid and ADAM families, thereby controlling the processing of their respective substrates (Lee et al., 2006; Muraoka et al., 2006; Kobayashi et al., 2009; Esteve et al., 2011b) . Sfrp1 and Sfrp2 are strongly expressed during vertebrate eye development (Terry et al., 2000; Liu et al., 2003a; Blackshaw et al., 2004) . In mice, Sfrp1 and Sfrp2 are redundantly required to specify the periphery of the retina by promoting canonical Wnt signaling activation (Esteve et al., 2011a) and to control retinal neurogenesis by inhibiting ADAM10 activity (Esteve et al., 2011b) . Furthermore, chick and mouse RGC axons respond to Sfrp1 (Rodríguez et al., 2005; Sebastián-Serrano et al., 2012) and exposure of Xenopus RGC growth cones to a focalized source of the protein reorients their growth with a mechanism that involves the expression of the Frizzled 2 receptor (Rodríguez et al., 2005) .
Here, we show that, in the absence of Sfrp1 and Sfrp2, RGC axons are less tightly packed and make subtle but significant mistakes as they grow along their pathway. These defects are explained by the multifunctional role of Sfrp proteins in the regulation of cell-cell communication, which involves both direct signaling at the growth cone and the control of proteolytical processing of other relevant guidance cues.
Materials and Methods

Animals. Sfrp1
Ϫ / Ϫ ;Sfrp2 ϩ/Ϫ mice were generated and intercrossed or backcrossed to C57BL/6J to obtain the different single or double Sfrp1 Ϫ / Ϫ and Sfrp2 Ϫ / Ϫ and control wild-type (wt) mice (Satoh et al., 2006; Esteve et al., 2011b) . Embryos of either sex were obtained from timed mating of the resulting strains. The date of the vaginal plug was considered as embryonic day 0.5 (E0.5). Compound mutant embryos do not survive beyond E16 -E16.5, limiting their analysis (Satoh et al., 2006; Esteve et al., 2011b) . Animals were used according to institutional and national guidelines.
In situ hybridization. For in situ hybridization (ISH), E14.5 embryos were fixed by immersion in 4% PFA in phosphate buffer 0.1 M, pH 7.2, for 3 h. Older embryos were transcardiacally perfused with the same fixative and postfixed for 2 h. Tissue was washed in PBS, cryoprotected overnight in 30% sucrose/PBS solution, embedded, and frozen in 7.5:15% gelatin/ sucrose solution and serial sectioned in the frontal plane using a cryostat (Leica). ISH was performed as described previously (Marcos et al., 2009) with the following specific probes: Sfrp1, Sfrp2, Shh, Netrin1, EphB2, Adam10 and the heterologous rat Slit1, Slit2, and Robo2.
Immunostaining. Cryosections were permeabilized with PBS containing 0.1% Triton X-100 (PBT) and immunostained in PBT containing 1% normal goat serum with the following primary antibodies: rabbit antiSfrp1 (1:500; Abcam), rat anti-Sfrp2 (a kind gift from S. Hauck; (Hauck et al., 2012) , mouse anti-␤III-tubulin (TuJ1; 1:1000; Promega), rabbit anti-neurofilament M (1:500; Millipore), goat anti-Robo2 (1:500, a kind gift from Prof. F. Murakami (Tamada et al., 2008) ; rabbit anti-L1-CAM (1:500; (Lemmon et al., 1989); mouse anti-N-cadherin (1:500; Invitrogen). Primary antibodies were detected with Alexa Fluor 488, Alexa Fluor 568 (Invitrogen), or biotin-conjugated (Jackson Laboratory) specific secondary antibodies (1:1000). Biotin IgGs were visualized using streptavidin-POD followed by DAB incubation. For immunofluorescence, sections were counterstained with DAPI (1 g/ml; Vector Laboratories). Sfrp2 immunosignal in Figure 1 , I-LЈ, was amplified with tyramide (PerkinElmer).
DiI and DiO tracing. The path of RGC axons was visualized using a 0.4% solution of 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine (DiI, D282) or 3,3Ј-dioctadecyloxacarbo-cyanine perchlorate (DiO, D275; Invitrogen) dissolved in 4:10% dimethylformamide/sucrose solution. For intraretinal tracings, E15.5 retinas were dissected out, fixed with 4% PFA, and a tiny amount of DiI or DiO solution was injected in the dorsal or ventral periphery. Tissue was thereafter incubated for 1 h at 37°C. For unilateral anterograde tracings, the lens was removed from E15.5 heads to expose the OD, into which a small DiI crystal was inserted. Heads were stored in the dark for 2 weeks at 37°C. Brains were then dissected, the telencephalic vesicles were removed, and the exposed optic chiasm and tract were analyzed. For unilateral retrograde tracings, E15.5 heads were fixed as above, brains were carefully freed from the ventral skull, and small DiI crystals were placed in the initial segment of the optic tract. Heads were stored in the dark for 2 weeks at 37°C. Thereafter, both eyes were isolated, embedded in 4% agarose, and sectioned at 50 m thickness with a vibratome (Leica).
Retinal explants. Explants from E15.5 wt or Sfrp2 Ϫ / Ϫ and Sfrp1
Sfrp2
Ϫ / Ϫ central retinas were grown on glass coverslips coated with poly-D-lysine (10 g/ml; Sigma) and laminin (10 g/ml; Invitrogen) in DMEM/F12/N2 (Invitrogen) at 37°C as described previously (Sánchez-Camacho and Bovolenta, 2008) . Explants were grown in the presence or absence of purified Sfrp1 (500 ng/ml; Sigma; Esteve et al., 2003) , the ADAM10-specific inhibitor GI254023X resuspended in DMSO (5 M; a gift from Dr. A. Ludwig; , or DMSO alone. After 48 h, explants were fixed in 2% PFA containing 11% sucrose at 37°C and stained with anti-␤III-tubulin antibodies. To determine the effect of ADAM10 on retinal axon fasciculation in vitro, E13.5 embryos (at least 10 for each condition) were electoporated ex utero with pRK5M-Adam10 (catalog #31717; Addgene) mixed with pCAG-GFP (5:1) or pCAG-GFP alone. Soon after, retinas were isolated and incubated in DMEM/F12/N2 (Invitrogen) overnight. The targeted GFP-positive regions of the retinas were dissected and grown as explants as described above. After 48 h, explants were fixed and immunostained with antibodies against GFP and anti-␤III-tubulin.
Western blots. E16.5 retinas, together with the optic nerves and tracts from wt, Sfrp1
, and Sfrp1
Ϫ / Ϫ embryos, were isolated and homogenized in lysis buffer (150 mM NaCl, 2% Triton X-100, 50 mM Tris, pH 8) supplemented with a proteinase inhibitor mixture (Roche) and PMSF. In other experiments, retinal explants electroporated as described above were washed from the culture medium and directly incubated in a modified lysis buffer (150 mM NaCl, 2% Triton X-100, 50 mM Tris, pH 8, 10 mM CaCl 2 ) supplemented with a mixture of proteinase inhibitors (Roche) and PMSF. In all cases, protein content was quantified and tissue extracts (50 g) were separated by electrophoresis on SDS polyacrylamide gels and transferred onto PVDF membranes. After blocking in TBS/0.1% Tween/5% nonfat milk, the membranes were incubated overnight at 4°C with rabbit polyclonal 74-5H7 that recognizes the L1 cytoplasmic portion (a kind gift from Dr. V. Lemmon; Lemmon et al., 1989) or mouse mAb against the C-terminal domain of N-cadherin (1:500; Invitrogen) and mouse anti-␣-tubulin (1:10.000; Sigma) used as a loading control. Membranes were then incubated with peroxidase-conjugated secondary antibodies followed by ECL Advanced Western Blotting Detection Kit (GE Healthcare). The immunoreactive bands were quantified by densitometry and the amount of proteolyzed fragment was calculated as the ratio of fragment/native/␣-tubulin band values. Western blots were repeated at least three times, obtaining very similar results. To determine the specificity of ␣-Sfrp2 antibody, eyes from E14.5 wt and Sfrp2 Ϫ / Ϫ embryos were processed as above. Lysates were incubated with heparin-acrylic beads (Sigma) for 1 h and beads were recovered by centrifugation. Heparin-binding proteins were resolved on SDS polyacrylamide gels, transferred, and the PDVF membrane incubated with an anti-Sfrp2 antibody. The membrane was processed as above.
Image and statistical analysis. Tissue was analyzed with M205FA stereomicroscope or a DM CTR5000 microscope equipped for fluorescence microscopy and photographed with a DFC500 camera (Leica Microsystems). Confocal analysis was performed with LSM510 META equipment (Zeiss). Quantitative analysis was performed using ImageJ software. At least 10 explants per condition were analyzed to quantify axon fasciculation. Three images per explant were acquired. A line was drawn perpendicular to the axis of main neurite outgrowth and gray values along this line were recorded. The width of axon fascicles was calculated as the number of consecutive points with gray values Ͼ25 present along the established line (values Ͻ25 were considered background). Student's t test and Bonferroni's test were used to compare mean values of fascicle width calculated for the different conditions. Differences between calculated averages were considered significant when p Ͻ 0.05. The degree of axon fasciculation was also determined as the percentage of fascicles with width greater than or equal to the given pixels as indicated in the figures. In ADAM10-overexpression experiments, the degree of axon fasciculation was evaluated as the percentage of green fascicles, with the procedure described above.
Results
Sfrp1 and Sfrp2 are expressed in the eye and distributed along the mouse visual pathway Previous studies showed that Sfrp1 and Sfrp2 are expressed during eye development. In chick and medaka fish, Sfrp1 mRNA localizes to the retinal neuroepithelium, the OD, chiasm, and the initial portion of the optic tract (Terry et al., 2000; Esteve et al., 2003; Esteve et al., 2004; Rodríguez et al., 2005) . In mice instead, Sfrp1 mRNA was detected in the retinal pigment epithelium, the ciliary margin (Liu et al., 2003a; Esteve et al., 2011b) , and the RGC layer (Fig. 1A) , but not in the chiasm or the optic tract region (Fig.  1C and data not shown). Consistent with the expression in RGC, Sfrp1 protein localized to the growing RGC axons both in vivo and in dissociated cultures ( Fig. 1 B, D,E) . Sfrp2, which mostly localizes to the RGC layer in the chick retina (Lin et al., 2007) , was instead strongly expressed in the undifferentiated retinal neuroepithelium and in the proximal portion of the developing optic stalk (Fig. 1F ). With development, Sfrp2 expression progressively became downregulated in the central retina forming a central low to peripheral high gradient in the dorsal retina, but maintained an even distribution in the ventral retina and in the glial cells that form the OD (Morcillo et al., 2006) (Fig. 1G ). Sfrp2 mRNA was still clearly detected in the retinal neuroepithelium at E16.5 with levels that became progressively lower up to birth (data not shown), also as described previously (Blackshaw et al., 2004; Trimarchi et al., 2008) . Immunostaining with an antibody that specifically recognized the Sfrp2 protein (Hauck et al., 2012) , as confirmed by the lack of specific signal in Sfrp2 Ϫ / Ϫ embryos in both immunostaining and Western blot analysis (Fig. 1L ,LЈ,J,M), demonstrated that Sfrp2 protein, in addition to that in the retinal progenitors ( Fig. 1 H, I ,K ), specifically localizes to nascent RGCs and in their axons at E13.5 (Fig. 1H ) , as well as in cells of the distal optic nerve (Fig. 1KЈ ). Sfrp2 was not expressed in the ciliary margins (Fig. 1 F , G,I; (Liu et al., 2003a; Esteve et al., 2011b) or the diencephalon (data not shown).
Together, these data indicate that there are species-specific differences in the expression of Sfrp1 and Sfrp2 in the developing visual pathway. In mouse embryos, their pattern of distribution suggests a potential role in establishing a proper RGC axon trajectory.
Sfrp2 and Sfrp1 are required for correct intraretinal RGC pathfinding
We investigated whether genetic inactivation of Sfrp1 and Sfrp2 has functional consequences in RGC axon growth. Because Sfrp2 and Sfrp1 are both expressed in the eye cup, we first searched for possible intraretinal pathfinding defects in single and compound mutant embryos.
Once generated, RGCs extend an axon that enters the fiber layer and grows with a radial orientation toward the OD posi- Ϫ / Ϫ (J, L, L) embryos hybridized with probes for Sfrp1 (A, C) and Sfrp2 (F, G) or immunostained with ␣-Sfrp1 (B, D) or ␣-Sfrp2 antibodies (H-L). E, Dissociated culture from wt E14.5 retinas coimmunostained with ␣-Sfrp1 (green) and ␣-␤III-tubulin (red) antibodies. Note the expression of Sfrp1 in the RGC layer (RGC-l), retina pigmented epithelium (rpe), ciliary margins (cm), and lens (le). Note also that Sfrp1 mRNA is not present in the optic chiasm (och). Sfrp1 protein is abundantly detected in the RGC axons as they extend along the fiber layer (fl), optic nerve (on), and chiasm (B, D). This localization is confirmed in cultured neurons, where Sfrp1 localizes to the main neurite but it is absent from collateral branches (E, arrows). Sfrp2 mRNA localizes instead to the proliferating neural retina (nr), and the initial portion of the developing optic nerve (on, arrow in F ) and the glial cells of the OD (od; arrowheads in G) and lens, but it is absent from differentiated RGCs and the ciliary margins (cmz). At E14.5, Sfrp2 expression in the dorsal-central retina begins to be downregulated (bracket in G). As demonstrated by the lack of any specific signal in Sfrp2 mutant embryos (J, L, L), Sfrp2 protein was specifically detected not only in the retinal progenitors but also in the nascent retinal ganglion cells ( tioned in the center of the retina. Therefore, axons of early-born RGCs, generated around the OD, have a short intraretinal growth, whereas those of late-born peripheral RGCs travel a longer distance before reaching the OD (Bao, 2008) . To visualize this intraretinal trajectory, coronal sections and flat mounts from E15.5 wt and mutant retinas were immunostained with antibodies against neurofilament M that mostly label RGC axons at this stage ( Fig. 2A-I ) . In wt and Sfrp1 Ϫ / Ϫ retinas, axons were normally oriented toward the fiber layer, forming small, radially arranged bundles that never invaded the deeper layers of the retina (Fig.  2 A 
, D,G and data not shown). In contrast, in Sfrp2
Ϫ / Ϫ and Sfrp1
;Sfrp2 Ϫ / Ϫ mutants, a significant amount of RGCs, mostly located at the periphery, aberrantly extended their axon toward the ventricular surface of the retina (Fig.  2 B, C,J ). Confocal analysis of the outer layers in flat-mounted preparations confirmed the presence of a significant amount of small ectopic axon bundles (Fig. 2 H, I ,K ), a phenotype also observed upon inactivation of Robo-Slit signaling (Thompson et al., 2006b; Thompson et al., 2009 ). Ectopic fibers were most abundant in the ventral peripheral retina but nearly absent from the OD region (Fig.  2K ). The frequency of these defects was consistent in all compound mutants analyzed, in agreement with the proposed Sfrp1/Sfrp2 functional redundancy (Satoh et al., 2006; Esteve et al., 2011b) , but rather variable in Sfrp2 Ϫ / Ϫ embryos, in which the number of ectopic axon bundles spanned from 5 to 60 per retina. In addition to these defects, in Sfrp1
Ϫ / Ϫ retinas, a fraction of axons turned away from the OD, taking routes perpendicular to the main plane of growth (Fig. 2F ). Despite these abnormal trajectories, at least part of the misrouted axons eventually left the eye because insertion of DiI crystals in the optic tract retrogradely labeled misprojecting RGCs in the periphery of the retina (Fig. 2L-N ) .
To define more precisely intraretinal axonal misprojections and to estimate their frequency, the trajectory of discrete axon bundles was visualized by the insertion of tiny crystals of DiI and DiO into the dorsal and ventral retinal periphery, respectively (Fig. 3A) . This approach confirmed that in wt and Sfrp1 Ϫ / Ϫ embryos RGC axons grew straight to the OD with occasional wiggling around its entry point (Fig. 3 B, C,H ) but ϳ50% of the traced Sfrp1
Ϫ / Ϫ retinas contained axons that either individually or in small 
;Sfrp2
Ϫ / Ϫ embryos immunostained with ␣-NF-M antibodies. Images in D-I are confocal planes of the fiber (D-F ) and outer (G-I ) layers of the retinas. Note that, in wt, all RGC axons extend toward the fiber layer (fl, in A), whereas in the mutants, several axons from peripheral RGCs invade the outer retina (arrows in insets in B, C). Image in B shows the dorsal retina; images in A and C, the ventral retina. Axons invading the outer retina are also observed in flat-mount preparations (H, I ). Note also that, in compound mutants, RGC axon bundles in the fiber layer are less defined and often present axons abnormally extending away from the OD (od, arrowheads in F ). J, Mean Ϯ SEM number of ectopic axons per coronal section in the dorsal or ventral periphery of wt (n ϭ 6), Sfrp1 Ϫ / Ϫ (n ϭ 10), Sfrp2 Ϫ / Ϫ (n ϭ 6), and Sfrp1
;Sfrp2 Ϫ / Ϫ (n ϭ 6) deficient retinas. *p Ͻ 0.05 compared with wt. K, Mean Ϯ SEM number of axons or small axon bundles located in the OD region, in the dorsal or ventral outer retina in wt (n ϭ 12), Sfrp1 Ϫ / Ϫ (n ϭ 19), Sfrp2 Ϫ / Ϫ (n ϭ 14), and Sfrp1 bundles grew away from the OD (Fig. 3E-H ) . These defects were more severe and frequent in the ventral retina (67% vs 33% dorsal). Notably, tracing uncovered similar, but less frequent, defects in Sfrp2 Ϫ / Ϫ embryos (Fig. 3D,H) , which had passed unnoticed in immunostained preparations (Fig. 2E) .
Together, these results indicate that Sfrp2 and Sfrp1 influence the intraretinal growth of RGC axons by preventing axons to invade the deep layers of the retina and by fostering their turning into the OD. The prevalence of defects in the ventral retina likely reflects the enrichment of Sfrp2 expression in these regions.
Sfrps are required for proper growth of RGC axons at the chiasm and tract regions After leaving the OD, RGC axons navigate along the optic nerve toward the ventral midline of the diencephalon, where axons from the two eyes meet to form the optic chiasm. In mice, the majority of axons cross the midline and enter the contralateral optic tract, whereas a small proportion arising from the ventrotemporal RGCs remains uncrossed and projects into the ipsilateral tract (Petros et al., 2008) . In contrast to the chick (Rodríguez et al., 2005) , Sfrp1 and Sfrp2 were not expressed in the diencephalon, but they were found along the axons (Fig. 1 B, D, I , K ), prompting us to search for additional alterations.
Upon complete unilateral DiI filling of the optic nerve, RGC axons from E15.5 wt, Sfrp1
, and Sfrp2 Ϫ / Ϫ embryos showed a normal sorting behavior at the midline (Fig. 4A-C) , with few fibers, slightly more abundant in the mutants, invading the contralateral optic nerve as reported previously (Plump et al., 2002; Sánchez-Camacho and Bovolenta, 2008) . However, in Sfrp2
Ϫ / Ϫ embryos, a significant number of axons defasciculated prematurely at the distal end of the nerve and thereafter looped back into the chiasm (Fig. 4C, D, H ) , which appeared more loosely packed (Fig. 4C-F ) . This defect was more evident in Sfrp1
Ϫ / Ϫ embryos: in ϳ80% of the double mutants (n ϭ 23), axons were dispersed in the anterior-posterior axis (Fig. 4D ). In the remaining 20%, the chiasm showed a phenotype similar to that described for Slit1 Plump et al., 2002; Plachez et al., 2008) . Many disheveled fibers crossed the midline anterior to the chiasm, sometimes forming an additional bundle and with a few axons taking aberrant anterior routes (Fig. 4E) . In the most extreme case, fibers appeared randomly distributed, equally dividing into the ipsilateral and contralateral tract and nerve (Fig. 4F ). DiI tracings of the different genotypes at E13.5, when the first set of RGC axons reach the chiasm, demonstrated a mild anterior dispersion of RGC axons at the double mutant chiasm and a comparable organization of the axons in wt, Sfrp1
, and Sfrp2 Ϫ / Ϫ embryos (Fig. 4G ). This indicates that late-born axons are more dependent on Sfrp-mediated axon fasciculation/guidance than early generated, pioneer axons.
Once they cross the midline, wt RGC axons extend along the tract in fasciculated bundles and fan out as they approach the LGN (Fig. 5A) . In Sfrp1 Ϫ / Ϫ and, more evidently, in Sfrp2
brains, this fanning was premature and its width significantly accentuated ( Fig. 5A-C,E-G,I ). In addition, some fibers aberrantly extended toward the dorsal diencephalon ( Fig. 5E-G,I ), as reported for Robo2 mutants (Plachez et al., 2008) . The latter behavior was more evident in compound mutants, possibly explaining why their optic tract "fan" was narrower than that of wt (Fig. 5 D, H-J ) . This difference in width may also be explained by the presence of mediolateral defasciculation of the optic tract, which was evident upon brain sectioning (Fig. 5 K, L) . It may also in part reflect the shortening of the anteroposterior axis characteristic of double but not single Sfrp mutants (Satoh et al., 2006) . Of note, the site of initial aberrant defasciculation of the optic tract, although similar among embryos of the same genotype, was distinct among the three genotypes (Fig. 5A-D, arrowheads) , suggesting no link to a specific cue present in the surrounding of the tract.
Sfrps influence compacted RGC axon growth with an ADAM10-dependent mechanism
Together, these data indicate that Sfrp's contribute both to intraretinal pathfinding of peripheral RGC axons and to fostering the organized growth of visual fibers along their pathway. Sfrp1 modulates mouse RGC axon growth (Sebastián-Serrano et al., 2012) and induces a bifunctional and extracellular matrixdependent chemotropic turning response in chick and Xenopus RGC growth cones (Rodríguez et al., 2005) . Therefore, Sfrp1 and Sfrp2, expressed in the retina and enriched at the OD (Fig. 1) , likely act as intraretinal guidance cues, perhaps in combination with extracellular matrix molecules. However, defects in regions of the pathway, in which there is no local Sfrp protein production, together with Sfrp protein localization along the RGC axons, suggested that an additional, perhaps autonomous mechanism might account for the axonal phenotype observed in Sfrp mutants. Sfrp1 and Sfrp2 act as Wnt signaling inhibitors and thus their activity ultimately influences the expression of Wnt target genes . We therefore considered the possibility that, in absence of Sfrp1 and Sfrp2, the expression of axon guidance cues could be altered. Indeed, intraretinal defects related to those observed in Sfrp mutants have been reported in mice deficient in EphB2, EphB3, Slit1/2, Robo2, BmpR1b, and Netrin1 (A, B) , RGC axons extend into the optic nerve (ON) in tight bundles and slightly defasciculate as they enter the optic chiasm (inset). The majority of the axons enter the contralateral optic tract (cOT), whereas a small proportion remain uncrossed and grow into the ipsilateral optic tract (iOT) or enter the contralateral optic nerve (cON). The prechiasmatic end of the ON appears more defasciculated in Sfrp2 Ϫ / Ϫ and Sfrp1
;Sfrp2 Ϫ / Ϫ (arrows and insets in C-E). Note also the presence of small axon bundles (arrowhead in E). F, In extreme cases, fibers appear completely defasciculated, equally divided into the ipsilateral and contralateral tracts, with many axons entering the contralateral optic nerve. G, H, Mean Ϯ SEM of the prechiasmatic dispersion of the optic nerve at E13.5 and E15.5. **p Ͻ 0.01; ***p Ͻ 0.001 compared with wt (Student's t test). Scale bars, 200 m (A-F ). Thompson et al., 2006b; Plachez et al., 2008; Thompson et al., 2009 ) and after interference with RGC-derived Shh signaling (Kolpak et al., 2005; Sánchez-Camacho and Bovolenta, 2008) . However, analysis of the mRNA distribution of Netrin1, Shh, EphB2, Slit1, Slit2, and Robo2 in the eye of wt and Sfrp1 and Sfrp2 single and compound mutants revealed no significant differences (data not shown), suggesting that abnormal gene transcription was an unlikely cause of the observed phenotype.
We have previously shown that Sfrps act as negative modulators of ADAM10. Accordingly, the proteolysis of different ADAM10 substrates-Notch, APP, L1, and N-cadherin (Weber and Saftig, 2012) -is enhanced in Sfrp-null mice (Esteve et al., 2011b) . Adam10 mRNA, although expressed in the entire retinal neuroepithelium, was abundantly localized to the RGCs of both wt and mutant E15.5 retinas (Fig. 6A-C) at similar levels, as also determined by semiquantitative RT-PCR analysis (data not shown). Therefore, Sfrp proteins localized to the RGC axons could control ADAM10 activity, which in turn would regulate, in an autonomous way, the shedding of membrane molecules involved in proper axon growth. If this were the case, the mode of outgrowth of retinal explants from wt or mutant embryos should be different. To test this possibility, we compared neurite outgrowth from E14.5 wt and single or compound mutant explants derived from different retinal quadrants to account for the nonhomogeneous Sfrp distribution throughout the retinal neuroepithelium (Fig. 1) . No significant difference in neurite length was observed between wt and mutants when outgrowth from each specific quadrant was compared, although there were intrinsic ; Sfrp2 Ϫ / Ϫ (D, H ) embryos. The tract was exposed after cortex removal. In all images, dorsal is up and caudal is to the right. Open arrows in A-D point to the level in which the optic tract starts to fan out, which is slightly distinct among the genotypes. E-H, Images are higher magnifications at the level of the lateral geniculate nucleus (LGN) of those shown in A-D. The contrast has been inverted to better appreciate the caudal dispersion of labeled fibers (arrowheads). Double arrowed lines in E-H indicate the width occupied by DiI-labeled fibers as they approach the LGN. I, Mean Ϯ SEM of the optic tract width in wt (n ϭ 11), Sfrp1 Ϫ / Ϫ (n ϭ 11), Sfrp2 Ϫ / Ϫ (n ϭ 10), and Sfrp1
Ϫ / Ϫ (n ϭ 11) embryos at the level indicated in E-H. J, Percentage of DiI-labeled wt and mutant embryos with an evident caudal spreading of the optic tract. *p Ͻ 0.05; ***p Ͻ 0.001 compared with wt (Student's t test). K, L, Fluorescent images with inverted contrast of frontal sections at the level of the optic tract from wt (K ) and Sfrp1 outgrowth variations among quadrants (data not shown), as described previously (Marcus et al., 1996; Wang et al., 1996) . Nevertheless, there was a consistent difference in the mode of outgrowth: explants from wt retinas in general extended arrays of tightly packed axonal bundles, whereas axons from Sfrp2 Ϫ / Ϫ and Sfrp1
Ϫ / Ϫ explants grew with a "sheet-like" appearance ( Fig. 6D-F ) . High-power confocal analysis confirmed the preferential fasciculation of wt axons and the almost individual and disheveled growth of mutant axons (Fig. 6G-I ) , which was largely reverted upon addition of Sfrp1 protein to the culture medium (Fig. 6J-L) . To quantify this behavior, we focused on Sfrp1
Ϫ / Ϫ explants, which displayed the most evident phenotype. Measure of the mean width of wt and Sfrp1
Ϫ / Ϫ axons formed significantly thinner fascicles than those formed by wt axons (22.56 Ϯ 4 vs 34.4 Ϯ 5.6 pixels, p ϭ 0.0418; Fig. 6P ). The addition of Sfrp1 protein to the culture medium had a mild effect on the fasciculation of wt axons but caused a significant increase of the fascicle width in Sfrp1
Sfrp2
Ϫ / Ϫ explants (30.4 Ϯ 2.63 vs 22.56 Ϯ 4 pixels, p ϭ 0.0153) with a value close to that of wt explants ( p ϭ 0.438; Fig. 6P) . Furthermore, the proportion of fascicles wider than 60 pixels in Sfrp1
Ϫ / Ϫ explants was ϳ3-fold less than that observed in wt explants (5.8% and 14.3% respectively), but Sfrp1 addition neared their fasciculation score to that observed in wt (14.37%; Fig. 6Q ). A similar trend was observed upon addition of the ADAM10-specific inhibitor GI254023X (5 M; Fig. 6M-O) , which made the outgrowth of Sfrp2 Ϫ / Ϫ retinal explants (13.53 Ϯ 0.70)-taken as an examplecomparable to that of wt (20.10 Ϯ 1.10 vs 21.95 Ϯ 1.82, p ϭ 0.54; Fig. 6R ), increasing the proportion of wider fascicles to values similar to that of wt (Fig. 6S) .
All in all, these data suggest that Sfrp proteins favor the fasciculated growth of RGC axons with a mechanism that implicates ADAM10. A recent study showed that Drosophila ADAM10/Kuzbanian is involved in Robo receptor activation (Coleman et al., 2010) and Sfrp1 interferes with Kuzbanian activity (Esteve et al., 2011b) . Given the expression of Robos in RGCs and the similarity in the phenotypic traits of Sfrp2 ;Sfrp2 Ϫ / Ϫ embryos hybridized with a probe against Adam10. Note the strong Adam10 expression in the RGC layer. In double mutants, the number of RGCs is increased as described previously (Esteve et al., 2011a) . D-O, Low-and high-power views of retinal explants from E15.5 wt (D, G, J, M ), Sfrp2 Ϫ / Ϫ (E, H, K, N ) and Sfrp1 Robo processing would be conserved in mammals and that its shedding would be increased in absence of Sfrp proteins. However, experiments with Robo2-and Adam10-transfected cell lines, as well as Western blot analysis of embryonic visual pathway lysates from wt and Sfrp-null genotypes did not reveal significant Robo2 processing (data not shown). We next analyzed whether N-cadherin and L1, two ADAM10-specific substrates (Reiss et al., 2005; Riedle et al., 2009 ) previously implicated in selective fasciculation of visual axons (Riehl et al., 1996; Mi et al., 1998; Lyckman et al., 2000; Masai et al., 2003) , presented an enhanced proteolytical processing in the visual pathway of Sfrp1
Ϫ / Ϫ mice, as previously observed in retinal tissue (Esteve et al., 2011b) . Both molecules are strongly expressed in wt and Sfrp1
E15.5 RGC axons (Fig. 7A-D 
;Sfrp2
Ϫ / Ϫ embryos revealed an increased shedding of L1 and N-cadherin in Sfrp2 Ϫ / Ϫ and Sfrp1
Ϫ / Ϫ mutants compared with wt (Fig. 7E,F) . Therefore, as demonstrated previously (Esteve et al., 2011b) , genetic inactivation of Sfrp proteins seemed to increase ADAM10 activity, which likely impinged upon the fasciculated growth of RGC axons. If this were the case, then overexpression of ADAM10 in retinal explants should mimic the behavior of Sfrp mutant retinas. Indeed, electroporation of equal amounts of plasmids carrying either GFP or Adam10 demonstrated that ADAM10-overexpressing axons extended rather independently, in contrast to control GFP-expressing axons, which formed small fascicles ( Fig.  7G-J) . This behavior was associated with an increased proteolysis of N-cadherin and L1 in Adam10-overexpressing explants (Fig.  7K,L) , although this was less pronounced than that observed in Sfrp mutants (Fig.  7E,F) , likely because only a proportion of RGCs are targeted by the electroporation.
Altogether, these data support the possibility that defasiculation defects observed in the absence of Sfrp1/2 are a consequence of abnormal ADAM10-mediated processing, at least of N-cadherin.
Discussion
Axon growth depends on the interplay of different molecular signals. Multifunctionality of one or few of such signals may be an efficient way of ensuring coordinated information. Shh signaling acting on spinal cord commissural axons is an example. Indeed, Shh secreted by the floor plate attract precrossing axons at the ventral midline and thereafter repel postcrossing axons to favor their anterior longitudinal growth (for review, see Bovolenta, 2005) . At the same time, it ensures that axons acquire responsiveness to Semaphorin (Parra and Zou, 2010), a cue that also helps axons out of the midline (Nawabi et al., 2010) . In the chick spinal cord, Shh signaling further controls the ventral expression of Sfrp1, which shapes the gradient of Wnt proteins that promote the longitudinal growth of commissural axons (Domanitskaya et al., 2010) . In a different paradigm, we have shown here that Sfrp proteins are required for preventing RGC axons to invade the deep layers of the retina and to constrain their growth into the OD, likely with a direct mechanism (Rodríguez et al., 2005) . At the same time, Sfrp's are needed to promote cohesive axon extension by ensuring the appropriate ADAM10-mediated shedding of cell adhesion molecules, further demonstrating that fine regulation of metalloproteinases is critical to coordinating the development of neuronal projections (McFarlane, 2003; Bai and Pfaff, 2011) .
These conclusions are based on the analysis of single and compound Sfrp1 and Sfrp2 mouse mutants, which showed mild but consistent defects in intraretinal pathfinding and fiber fasciculation. Sfrp1 and Sfrp2 are expressed with different and restricted patterns, but, consistent with their diffusible nature, immunostaining shows that Sfrp proteins localize more broadly than their mRNA, as reported in previous studies (Mii and Taira, 2009; Esteve et al., 2011a) and possibly explaining their functional redundancy (Satoh et al., 2006; Esteve et al., 2011b) . Consistent with this redundancy, compound Sfrp1
Ϫ / Ϫ mutants had the strongest phenotype, followed by Sfrp2 Ϫ / Ϫ embryos, whereas only subtle defects were observed in the Sfrp1 Ϫ / Ϫ mutants. Shortening of the anteroposterior axis, lack of retinal periphery, and increased number of RGCs found in compound mutants (Satoh et al., 2006; Esteve et al., 2011a; Esteve et al., 2011b ) may influence their axon phenotype. However, similar patterning defects were never observed in the Sfrp2 Ϫ / Ϫ mutants (Satoh et al., 2006; Esteve et al., 2011a; Esteve et al., 2011b) , which show a similar visual pathway phenotype, making this possibility unlikely. In addition, analysis of brain patterning of single and compound Sfrp1 and Sfrp2 mutants revealed predominant dorsal defects (I. Crespo, A.S., P.B., and P.E., unpublished data), compatible with their reported pallial and subpallial expression (Leimeister et al., 1998; Kim et al., 2001) . In contrast, the retinal distribution of Sfrp2 and, to a lesser extent, of Sfrp1, indicates that, normally, these proteins prevent RGC axons from invading the deep layers of the retinas. As a result, in Sfrp2 Ϫ / Ϫ and Sfrp1
Sfrp2
Ϫ / Ϫ compound mutant embryos, a subset of ventroperipheral RGC axons no longer stray away from the outer layers of the retina, resembling the defects described for Robo2 and Slit1 and Slit2 compound mutants (Plump et al., 2002; Plachez et al., 2008) . Similarly, the relative abundance of Sfrp2 at the OD, which is fundamental for guiding axons out of the eye (Morcillo et al., 2006) , explains the defects of outgrowth observed in this region in both Sfrp2 and compound mutants. OD-derived Sfrp's, in combination with laminin localized to the optic nerve head (Höpker et al., 1999) , may directly signal at the RGC growth cones forcing the axons to enter the OD. This mechanism would be similar to what has been shown for the combination of Netrin1 and laminin (Höpker et al., 1999) or proposed for laminin/EphB (Birgbauer et al., 2000; Suh et al., 2004) . This is also in agreement with the observation that chick and Xenopus RGC axons are uniformly and strongly repelled by the combination of Sfrp1 and laminin in both turning and stripe assays and exposed brain preparations in which Sfrp1 addition deviates visual axon trajectory in regions of the optic tract, in which laminin is particularly abundant (Rodríguez et al., 2005 ).
Sfrp's are not expressed in region surrounding the visual pathway, suggesting that Sfrp proteins localized to the RGC axons could explain, in an autonomous way, the defects observed in the chiasm and optic tract region. Our data support this possibility, suggesting that abnormal RGC axon growth might in part be a consequence of an increased activity of ADAM10-abundantly expressed by RGCs caused by Sfrp1 and Sfrp2 genetic inactivation. In tissue culture, explants from Sfrp-null animals grow with a disheveled appearance, which is attenuated by the addition of either Sfrp1 or a specific inhibitor of ADAM10 metalloproteinase activity. Furthermore, electroporation of Adam10 in retinal explants promotes a poorly cohesive growth of targeted axons that thus behave similarly to those of Sfrp mutant retinas. Shedding of L1 and N-cadherin, two of the multiple ADAM10 substrates, is increased in the visual pathway of Sfrp-null mice and in wt retinal explants overexpressing Adam10, although in the latter case, to a lesser extent because only a proportion of RGCs are targeted by electroporation. This abnormal processing may contribute to the disheveled axon growth observed in both experimental paradigms. Supporting this possibility, L1 and N-cadherin have been involved in homophilic and heterophilic interactions (Hivert et al., 2002; Bao, 2008) and alteration of their expression causes visual axon defects resembling those observed in Sfrp mutants (Bastmeyer et al., 1995; Riehl et al., 1996; Mi et al., 1998; Lyckman et al., 2000; Masai et al., 2003) . We cannot, however, exclude that abnormal processing of other guidance cues may contribute to the phenotypes we are describing. Although we could not demonstrate a role for ADAM10 in vertebrate Robo2 shedding, the Robo/Slit signaling system is still a good candidate, perhaps implicating the processing of Slits or a different Sfrp-modulated metalloproteinase ; also see below). In fact, Sfrp2
, Robo2, and Slit mutants share phenotypic traits (Plump et al., 2002; Thompson et al., 2006a; Thompson et al., 2009 ) and Slit-mediated activation of Robo2 has been implicated in axon fasciculation (Jaworski and TessierLavigne, 2012) . Furthermore, Robo receptors undergo homophilic interactions (Hivert et al., 2002) and have been implicated in zebrafish visual axon fasciculation (Devine and Key, 2008) . Other molecules that we have not tested are also possible additional candidates: the Eph-Ephrin signaling pair is an example because these molecules are established ADAM10 substrates (Weber and Saftig, 2012 ) that contribute to intraretinal axon fasciculation (Mühleisen et al., 2006) . A recent report has also suggested that ADAM proteinases participate in the shedding of Shh from the producing cells (Ohlig et al., 2011) . Notably, interference with RGC-derived Shh causes intraretinal defects similar to those observed in Sfrp1/2 mutants (Kolpak et al., 2005; Sánchez-Camacho and Bovolenta, 2008) and blockage of Shh signaling in Xenopus leads to defasciculation of the caudal optic tract (Gordon et al., 2010) . Similarly, the Netrin1 receptor DCC, crucial for RGC axons navigation at the optic nerve head (Deiner et al., 1997) , is shed by a metalloproteinase (Galko and TessierLavigne, 2000) .
Our study does not clearly establish whether ADAM10 is uniquely responsible for the disheveled growth observed in Sfrp mutants. The singularity of Sfrp/ADAM10 binding has not been addressed (Esteve et al., 2011b) , so Sfrp proteins may interfere with other metalloproteinases. Indeed, although Adam10 is the only ADAM family member enriched in RGCs, ADAM11, ADAM17, and ADAM28 are also found in the retina.
We propose a dual function for Sfrp1/2 in the guidance of RGC axons, but the phenotype resulting from the inactivation of one or both molecules is, perhaps surprisingly, mild and sometimes incompletely penetrant for these combined effects. There are several possible, diverse reasons. For example, the absence of Sfrp1/2 at the OD might be compensated by the presence of Netrin or EphB (Deiner et al., 1997; Birgbauer et al., 2000) . Sfrp5, the member of the Sfrp family most closely related to Sfrp1 and Sfrp2 , is expressed in the developing eye (Chang et al., 1999; Ruiz et al., 2009 ) and may in part compensate for Sfrp1/2 deficiency. Furthermore, and likely more relevant, shedding of guidance cues should be considered as an ultimate layer of regulation that fine-tunes axon navigation and enhances its fidelity (Bai and Pfaff, 2011) .
In conclusion, our study adds new evidence of the multiple roles that Sfrp proteins play in both development and adult tissue homeostasis . These functions are context dependent and may vary according to their localization, level of expression, and interaction with other molecules. The role of Sfrp proteins as modulators of shedding events is particularly intriguing because protein shedding regulates many basic events in addition to axon guidance. These include cell adhesion, cell migration, inflammatory events or signaling activation, and extinction. Furthermore, sheddase-regulated proteins are expressed not only during initial brain wiring, but persist in the adult CNS and participate in the maintenance, repair, and plasticity of neural circuits (Saxena and Caroni, 2007) . Our finding, therefore, might have important implications in neurodegenerative diseases or in vasculature formation, a process that is controlled by similar sets of molecules (Jones and Li, 2007) . In this respect, it is interesting to note that Sfrp mutant mice have evident vasculature defects (Esteve et al., 2011b) .
